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Abstract
Over 20 million tons of vinyl chloride monomer (VCM) is produced every year
using acetylene hydrochlorination using a supported mercuric chloride catalyst. During this
process mercury is reduced and sublimes into the environment harming all living animals
and humans, so carbon-supported Au catalysts have been developed in attempts to replace
it. Various techniques have been used to make these catalysts including several variations
of dry impregnation. In this study we investigate the ability of Strong Electrostatic
Adsorption (SEA) of Au(en)2Cl3 onto various supports to demonstrate the ability to
rationally and consistently synthesize gold catalysts with ultra-small particle sizes. The
supports include carbon, silica, titania, zirconia, ceria, and alumina.
SEA of Au(en)2Cl3 is employed with oxidized Norit Rox carbon as the support for the
acetylene hydrochlorination reaction and results in greater activity and stability when
compared to other carbon supports. The hydroxyl group content on Norit Rox which results
from oxidation of the support facilitates high uptake of the Au(en)2Cl3 during SEA. XPS
studies revealed that Norit Rox has 5 times the surface area of sp3 hybridized carbon, which
are indictive of defect sites in the predominant sp2 hybridized carbon substrate, when
compared to Timrex. It is hypothesized that these defects are stable binding sites for the
active AuCl3 site. During HCl pretreatment gold nanoparticles on most carbon supports
sinter, but because Norit Rox has an abundance of stable binding sites for the active
AuCl3 species, the HCl

pretreatment

results
v

in

a redispersion

of

Au, including nanoparticles up to 4 nm in size, into atomically dispersed AuCl3. Norit Rox
also can adsorb up to 3 times more Cl onto its surface during pretreatment, permitting the
addition of Cl to Au during the reaction process. There is a direct correlation between the
sp3 surface area and the acetylene conversion, and Cl adsorption during pretreatment and
reaction. When compared to the leading catalysts made with the traditional HAuCl4 and
aqua regia method, catalysts synthesized by SEA using Au(en)2Cl3 precursor are more
active and stable.
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Chapter 1
A Review of Catalyst Synthesis for Acetylene Hydrochlorination
Reaction
1.1 Introduction
Supported metal catalysts have long been used in numerous industrial processes for
decades but the potential for gold to be used in catalytic processes has developed more
recently. In the 1980’s two very important discoveries were made that gave momentum in
the study of gold catalysts. In 1987 Haruta showed that gold nanoparticles supported on
transition metal oxides were able to be used in the low temperature oxidation of CO.1
Additionally in 1985 Hutchings predicted and soon after confirmed that gold was the most
active metal for acetylene hydrochlorination catalyzed by a carbon supported metal
catalyst.2,3 Later in 1996 gold on FeO and TiO2 were found to be active for low temperature
water gas shift.4 Prior to the 1980s gold was largely considered unreactive in spite of being
reported for the selective oxidation of hydrocarbons and reduction of NO and olefins.5 A
review of the early history of gold catalysis before 1980 shows that there were hundreds of
articles before 1980 that show gold being used catalytically for processes such as
hydrogenation, dehydrogenation, reactions involving halogen atoms, oxidation, oxidative
dehydrogenation, and even as fuel cell electrodes.6 Another review paper summarizes
studies of gold being used for chemoselective hydrogenation of unsaturated aldehydes and
selective partial hydrogenation of alkyne, alkadiene, and alkene hydrocarbon streams.7
1

In the last few decades much research has been done in the production of vinyl chloride
monomer (VCM) using acetylene hydrochlorination over a carbon supported gold catalyst.
VCM is the one of largest produced commodity chemicals by volume with a production of
over 50 million tons a year and is the monomer used to make polyvinyl chloride (PVC)
which is one of the top three plastic polymers produced per year by volume. PVC has many
uses including construction materials, medical devices, clothing and packaging. The clear
majority of VCM is used in PVC production with its alternative use being in the
manufacture of chlorinated solvents. Due to this relationship the growth projections of both
are deeply intertwined.
VCM

is

produced

through

oxychlorination

of

ethylene

or

acetylene

hydrochlorination. The most common route, oxychlorination of ethylene, is a balance
process and is utilized in the United States due to the availability of oil. It is a combination
of chlorination and oxychlorination reactions using ethylene, which is an oil derived
starting material. The reaction equations as follows:
(1.1)

C2H4 + Cl2 -> CH2ClCH2Cl

(1.2)

C2H4 + 2HCl + ½ O2 -> CH2ClCH2Cl +H2O

(1.3)

CH2ClCH2Cl -> CH2CHCl + HCl

The first step is the direct chlorination step of ethylene to 1,2-Dichloroethane
(DCE) (Equation 1.1). Step 2 is the oxichlorination step that produces DCE and water
(Equation 1.2). The product streams of the first two steps are then purified before step 3
which is thermal cracking to form VCM and HCl (Equation 1.3). The downside of this
process is that it is a multi-step process which means that it is more expensive. Additionally,
2

the final product stream contains HCl and VCM so there needs to be a purification step and
a recycle stream. Having a recycle stream is a difficult and possibly dangerous process.
Acetylene hydrochlorination is a much simpler route to produce VCM because it
only requires one step. Acetylene is a coal derived feedstock therefore this process is
utilized mostly in China due to its abundance of coal. The acetylene hydrochlorination
process yields a highly pure stream of VCM and requires little further treatment and no
thermal cracking compared to ethylene oxychlorination. 20 million of the 50 million tons
of VCM produced is made through acetylene hydrochlorination.
(1.4)

C2H2 + HCl -> CH2CHCl

The acetylene hydrochlorination process has several drawbacks. The traditional
catalysts for acetylene hydrochlorination is a mercuric chloride (HgCl3) catalyst on a
carbon support. Under reaction conditions the Hg is reduced and sublimes into the
environment harming all living animals and humans. Due to environmental concerns and
a resolution made by the United Nations, the Minatama Convention, the use of Hg for this
process is being phased out and the search for an alternative catalyst has ensued for the last
few decades. Carbon-supported Au catalysts have been developed in attempts to replace
the traditional mercuric chloride catalyst.
1.2 Discovery of an alternative catalyst for acetylene hydrochlorination
Au supported on carbon was first identified to be the best alternative to the mercuric
chloride catalyst by Hutchings using a 2 electrode standard potential as the most suitable
parameter for the correlation of catalytic activity.8 This data can be represented by a single
function and can be properly used to predict catalytic activity. Later work verified that Au

3

on carbon is in fact highly active for this reaction system.9 Recent work by Hutchings has
discovered that the active site for the hydrochlorination reaction is an atomically dispersed
Au+ or Au3+ site.10 This was found utilizing X-Ray photo spectroscopy (XPS) ex situ
experiments in combination with HAADF-STEM.
The use of XPS allows for the investigation of the oxidation state of the Au before,
during, or after being in reaction, or pretreatment conditions. Au nanoparticles are known
to sinter rapidly under pretreatment with HCl and under reaction conditions if they are
supported on carbon regardless of how small nanoparticles are. This in turn causes
deactivation of the catalyst due to the loss of available active sites. Many researchers have
sought to fix the issue of sintering by making bimetallic catalysts and have met with
marginal success. Any catalyst that increases the stability of Au must have the ability to
maintain the oxidation state of atomically dispersed Au to Au+ or Au3+.11

Figure 1.1: Correlation of the initial activity with the
standard electrode potential for the reaction8

4

In the recent work by Hutchings an atomically dispersed Au on a carbon supported
catalyst was synthesized and verified that single atoms were the catalytically active site. 12
Because the Au is atomically dispersed on Norit ROX carbon it could maintain an oxidized
state under reaction conditions and resist sintering more than any other catalyst. Hutchings
also found that anchoring the atomically dispersed Au is the key to making an active and
stable catalyst. Au readily bonds to sites containing elements like nitrogen and sulfur
strongly enough to be stable even under the harsh reaction conditions. Binding Au to these
sites results in high activity even at low weight loadings approaching 0.1%.12
1.3 Catalyst Preparation
Dry Impregnation
Gold on carbon catalysts for acetylene hydrochlorination have been synthesized
using several preparation methods. The most common and simplest method of preparation
is dry impregnation (DI) or incipient wetness impregnation. This method is also called the
pore filling method because the amount of solvent, typically water, is just the amount
needed to fill the pores of the support. This allows for the ease of no filtration and precise
metal loading. The liquid solvent diffuses throughout the macro and micro pores of the
support evenly dispersing the metal salt on the surface of the support and after drying the
metal species remains on the support.13 DI does not always result in high dispersion, small
particle sizes, nor strongly bonded metal because pH is not often controlled to ensure strong
precursor support interaction.
Several variations of DI have been utilized in attempts to eliminate the
disadvantages of DI catalysts for this reaction. The most commonly used method is DI with
a concentrated aqua regia solvent.14 Gold is known to dissolve in aqua regia so the solvent
5

is able to completely dissolve the HAuCl4 salt and allow for deposition of small gold
particles and even some atomic dispersion. The use of aqua regia is not ideal because it is
highly corrosive, especially in large quantities. There have also been catalysts made using
DI with aqua regia while exchanging one ligand with another. A separate ligand, like
thiosulfate, is put into the solvent with the HAuCl4 and is subsequently exchanged with the
Cl ligands and attached to the gold upon impregnation of the support.11 This results in
atomically dispersed Au with specific ligands attached to them that result in different
activities in the acetylene hydrochlorination reaction. Dry impregnation with multiple
metal salts, co-DI, has been used to make bimetallic and even trimetallic gold catalysts.
This method is the same as traditional DI except more than one metal salt is added to the
solvent.15–18 The reason for this method is because some secondary metals like copper,
cesium, or strontium are thought to be able to stabilize gold nanoparticles and increase
activity.
More recently there have been studies done where gold on carbon catalysts have
been made with DI utilizing ionic liquids, such as 1-propyl-3- methylimidazolium. These
catalysts are prepared by first dissolving the HAuCl4 precursor in an ionic liquid, stirred at
room temperature to ensure homogenization. The mixture is then combined with a minimal
amount of deionized water and then added to the carbon support similar to DI.19–21 This
results in a supported ionic liquid phase on the carbon support as shown in Figure 1.2.

6

Figure 1.2: Schematic view of a supported ionic liquid
phase (SILP) catalyst system20
Strong Electrostatic Adsorption
An effective method to strongly adsorb ultra-small gold nanoparticles and even
atomically dispersed gold onto carbon is strong electrostatic adsorption (SEA). SEA is the
cornerstone method of catalyst synthesis for the Regalbuto research group.

22–25

This

method accounts for the charge of support surface in the adsorbing of solution as a function
of pH of the solution. The control of surface pH and its ability to change the charge on the
surface of a support are what sets SEA apart from the typical impregnation method.
Cationic or anionic metal precursors are able adsorb onto the surface because of
electrostatic interactions between the precursor and the support. The basis of SEA dates
back to work done by Brunelle and Schwarz who theorized that the adsorption of noble
metal complexes was columbic in nature.26–29 The degree of protonation or deprotonation
of the surface hydroxyl groups as a function of adsorbate solution pH determines if there
is a driving force for either cationic or anionic precursor to adsorb onto the surface. The
pH at which the net charge on the support becomes zero is called the point of zero charge
or PZC.30 This is depicted in figure 1.3.
7

Figure 1.3: Mechanism of electrostatic adsorption for
the case of Au over a charged support surface
The process through which ions adsorb onto a support surface during SEA is that
individual positively or negatively charged ions bind to protonated of deprotonated
hydroxyl groups. After drying in air or under vacuum at room temperature ultra-small
particles may form and are covered in one or two hydration sheaths.31,32 The catalysts are
then reduced in hydrogen where hydration sheaths are removed and the metal in reduced.
In some instances, like with Au(en)2Cl3 on carbons such as Norit ROX, the adsorbed gold
species stays dispersed atomically and does not form nanoparticles before reduction. This
means that individual Au(en)23+ ions are strongly adsorbed to deprotonated hydroxyl
groups on the surface of the support. This allows SEA to maximize the yield of atomically
dispersed gold that is strongly bound to the support without the need of concentrated aqua
regia during synthesis. Oxidized gold atoms are known to be the active species for the
acetylene hydrochlorination reaction making SEA an ideal synthesis method for catalysts
for acetylene hydrochlorination.

8

1.4 Conclusion
Norit ROX is a steam activated carbon with a surface area of 1225 m2/g with a point
of zero charge of 7.7. Norit was designed for water filtration and is even used in purifying
pharmaceuticals so it has superior adsorption properties. If Norit ROX is oxidized it will
have far more hydroxyl groups than most carbons due to its high surface area. These two
factors allow for Norit to adsorb both gold cations and chloride onto the surface. The
chloride that is on the surface can readily adsorb with the Au maintaining a stable AuCl3
or AuCl complex as well as reforming the complex when the HCl is used in the reaction.
The AuCl3 and AuCl complexes are actually more stable than metallic gold on the surface
of Norit according to DFT studies.33,34 These superior qualities make SEA of Au(en)2Cl3
on Norit ROX an ideal candidate for a stable and active catalyst for acetylene
hydrochlorination. In this same line of thinking SEA of Au(en)2Cl3 was theorized to be an
ideal way to make Au nanoparticle catalysts on various supports which will be investigated
in chapter 2 of this thesis. Preliminary work has also shown that Norit is head and shoulders
above other carbon supports for the acetylene hydrochlorination reaction and further study
will be done in chapter 3 to explore the reasons why.

9

Chapter 2
Synthesis of Supported Au nanoparticles by Strong Electrostatic
Adsorption of Au(en)2Cl3
2.1 Introduction
Au nanoparticles have a high potential in catalysis and have been studied
extensively for years beginning with Haruta’s discovery in 1987 that gold nanoparticles
are highly active in CO oxidation reactions at sub-ambient conditions.35 In 1996 Andreeva
et al. reported that gold nanoparticles supported on iron(II) oxide prepared by coprecipitation showed good activity for low temperature water gas shift reaction (WGS).4
In 1997 Sakuri et al. reported that Au/TiO2, prepared by deposition-precipitation was active
at low temperature for WGS, with an increased Au loading.36 Gold nanoparticles have also
been shown to be catalytically active for several chemical reactions including selective
oxidation of hydrocarbons, reduction of NO and acetylene hydrochlorination to form vinyl
chloride monomer (VCM).3 Carbon supported gold catalyst hold great potential for the
oxidation of 5-hydROXymethylfurfural into 2,5- furandicarboxylic acid, an important
transformation for the production of bio-based polymers. De Jongh et al. have
demonstrated that the activity, selectivity, and stability of the carbon-supported gold
nanoparticles in the oxidation of 5-hydROXymethylfurfural strongly depend on the surface
properties of the carbon support.37

10

In Haruta’s work using Au for the oxidation of Co it was found to be difficult to
deposit gold via coprecipitation and by deposition-precipitation onto Silica and Al2O3 due
to the low PZC using HAuCl3, an anionic precursor.38 The deposition was low and the
particles were large, around 20 nm, so Chemical vapor deposition(CVD) was used instead
to make small particles. Using CVD 5% Au on Al2O3 was obtained with a 3.5 nm particle
size. 6% Au on silica was obtained using CVD as well but the size distribution was bimodal
and very large. Our use of SEA and Au(en)2Cl3 has enabled us to reliably deposit small Au
nanoparticles on both silica and alumina.
In 2008 Prüße did a study on preparing 0.3% Au on Al2O3 catalysts using incipient
wetness.39 This method used HAuCl3 as the precursor and modifying the solution using
acids and bases. In this study the catalysts made with 2M HCl performed the best for
glucose oxidation. The use of acid to enhance uptake is a similar theory to what is used in
SEA but the use of such high concentration is likely to have resulted in low uptake despite
Al2O3 having a high PZC due to high ionic strength. The 0.3% au on Al2O3 were half of
the weight loading that we were able to obtain with a similar particle size.
Hutching researched Au on Carbon and TiO2 using a sol immobilization
technique.40 In this technique colloidal Au was immobilized on the support surface and
then treated to remove the scaffolding. This technique resulted in 3.5 nm Au on C and 3.7
nm Au on TiO2. In another study Hutchings developed a method to produce bimetallic
AuPd catalysts with the use of excess Cl- ions in the incipient wetness technique.41 During
this technique HAuCl3 and PdCl2 are used as salts and HCl is added to the solution in order
to promote the formation of AuCl4- and PdCl2- which can readily deposit onto a protonated
surface caused by the HCl.
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In this work we demonstrate a simple, scalable synthesis of ultra-small (<2nm) Au
nanoparticles on a variety of supports using strong electrostatic adsorption (SEA). SEA is
used to create highly dispersed nanoparticles that are strongly bound to a support by
controlling the pH of the solution. By controlling the pH of the solution relative to the
support point of zero charge, the surface of the support becomes protonated or deprotonated
resulting in an electrostatic interaction with an oppositely charged ionic precursor complex.
The maximum uptake was used for each respective support is to demonstrate that SEA can
produce ultra-small uniform nanoparticles particles at high weight loadings which is
difficult for most conventional catalyst synthesis methods. This method is extendable to
many other supports with low or mid-range points of zero charge. The use of Au(en)2Cl3
is significant because there aren’t any other viable cationic precursors for SEA onto low
PZC supports. The only other option is (NH3)4Au+3 which is pyrophoric, which means
explosive, and dangerous. It is often called fulminating gold. Dry impregnation (DI) will
be used to make catalyst of the same weight loading to compare.
Previous work has already been done showing the stability of the Au(en)2Cl3 salt in
solution over time and over a wide pH range. A kinetic study was also done with the
adsorption of Au(en)2Cl3 onto A300 silica and Asbury carbon. It was found that A300
uptakes the gold almost immediately while the pH of the solution changes over the course
of 60 minutes which is expected for SEA. Adsorption over Asbury is slow and takes up to
200 minutes to complete while the pH shift happens almost immediately suggesting the
possibility of some reductive adsorption mechanism. Surface coverage was found to be 1.2
μmol/m2 and was determined by doing uptake surveys at various surface loadings and
concentrations to determine, XANES and EXAFS were also performed on various SEA
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slurries to determine the coordination number of the gold salt in solution. TPR was done
and it was found that 180° C is a temperature where the gold is reduced under a 10% H 2
gas flow for all the catalysts made.
2.2 Experimental
Materials
These experiments employed numerous support materials, which are shown in
Table 3.1. SiO2 (amorphous and mesoporous), γ-Al2O3, TiO2, Nb2O542, ZrO2, and graphitic
carbon were used directly from the manufacturers. CeO2 was obtained through calcination
of cerium(III) acetate hydrate at 500 °C for 4 hours. Nb2O527 was achieved by calcination
of niobic acid at 500 °C for 2 hours.
Gold bis-ethylenediammine, Au(en)2Cl3 was prepared as described by Block and
Blair.43 This method involves the dissolving HAuCl3 and ethylene diamine each in ethyl
ether followed by the addition of the ethyl diamine in ether solution to the HAuCl4 ether
solution slowly. The liquid resulting from the previous step is decanted and the remaining
precipitate is dissolved in a small amount of water. The Au(en)2Cl3 is then precipitated
with ethyl alcohol, decanted, redissolved in water again, and precipitated with ethyl alcohol
once again. This dissolved Au(en)2Cl3 is then filtered and left to dry for 2 days covered in
at room temperature. With this method we achieved 60% conversion of HAuCl 4 to
Au(en)2Cl3. There are other methods utilized for the synthesis of Au(en) 2Cl3. One such
method was the dissolution of HAuCl4 and ethylene into water instead of ethyl ether and
mixing followed by precipitation with ethanol, filtration, and drying.44 Figure S1 is XRD
pattern obtained to confirm synthesis of Au(en)2Cl3and its monoclinic crystal structure.
The obtained XRD pattern was confirmed by previous work done by Minacheva in 1988.45
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Table 2.1: Support materials used for
experimentation and obtainable weight percentage
of metal per support material
Support

Surface
Area
(m2/g)

PZC

Wt (%)

93
330

4.2
4.2

1.4
5.1

115

5.2

1.7

574

4.2

8.2

345
50

4
4

5.1
1

277

8.4

0.74

159

2.5

4.3

20

6

0.46

22

7

0.3

97

8.4

0.7

Silica
A90
A300
Graphite
Ashbury
Mesoporous
Silica
SBA-15
Titania
Sach
P25
Alumina
ɣ-Al2O3
Niobia
Nb2O5
(Amorph)
Nb2O5 (Hex)
Zirconia
ZrO2
Ceria
CeO2

Strong Electrostatic Adsorption Survey
Fresh Au(en)2Cl3 was prepared and dissolved in water at a concentration of 200
ppm across the pH range of 2-13 using HCl or NaOH. The initial pH values were recorded
and support material was added to 30 ml of solution at a surface loading of 1000 m 2/L.
Samples were then shaken for 1 hour. After 1 hour of contact 10 ml of each sample were
filtered and final pH values were measured. A plot was then constructed with pH final vs
pH initial. To determine the kinetics involved in this adsorption experiment a set of samples
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was also prepared at the optimal adsorption pH, while varying the time Au(en)2Cl3 was in
contact with an amorphous silica support (A300). Both initial and filtered final sample at
each pH were analyzed by ICP to determine Au concentration. The surface coverage, or Γ,
is calculated from the equation below.
Adsorption data is plotted with the final pH values along the x-axis and gold
adsorption along the y-axis as surface density (mol/m2).
𝜇𝑚𝑜𝑙⁄
(𝐶𝑜𝑛𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑜𝑛𝑐𝑓𝑖𝑛𝑎𝑙 ) (
𝐿)
𝜇𝑚𝑜𝑙 𝐴𝑢⁄
Γ(
)
=
2
𝑚2
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚 ⁄𝐿)
Catalyst Preparation by Strong Electrostatic Adsorption
The synthesis method that will be utilized will be strong electrostatic adsorption
(SEA). SEA is the cornerstone method of catalyst synthesis for the Regalbuto research
group. This method accounts for the charge of support surface in the adsorbing of solution
as a function of pH of the solution. Cationic or anionic metal precursors adsorb onto the
surface because of electrostatic interactions between the precursor and the support.
Electrostatic interactions are ensured based on the pH of the solution and the oxidation
state of the surface. The degree of protonation or deprotonation of the surface hydroxyl
groups as a function of adsorbate solution pH determines if there is a driving force for
either cationic or anionic precursor to adsorb onto the surface. The pH at which the net
charge on the support becomes zero is called the point of zero charge or PZC.
Fresh Au(en)2Cl3 was prepared at 200 ppm and adjusted to the optimum pH value
to obtain maximum surface coverage based off the adsorption survey experiments. Each
support was then weighted out for a surface loading of 1000 m2/L and added to the
necessary volume of pH adjusted Au solution. After 1 hour of shaking and contact the solid
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support material was filtered and dried at room temperature for 72 hours, due to the thermal
degradation of the Au(en)2Cl3 at temperatures above 50 °C. ICP-OES was used to
determine maximum gold uptake.
Catalyst Preparation by Dry Impregnation
Maximum Au surface coverage was determined by the adsorption experiments.
Weight percentage based off the maximum uptake was calculated. Each support was then
loaded with its respective weight percent by dry impregnation (incipient wetness
impregnation). These catalysts were then dried at room temperature for 72 hours to ensure
complete drying.
Characterization of Au Supported Catalysts
Analysis of higher weight percent samples, prepared by SEA, was characterized by
temperature programmed reduction (TPR) through the use of a Micromeritics Autochem
II 2920. 10% H2/Ar was used at the reductive gas. All were reduced from room temperature
to 650 °C at 3 °C/min ramp and H2 consumption was monitored by thermal conductivity
detector. All samples had the equivalent moles of gold present for reduction. Also fresh
and aged samples were analyzed.
Scanning transmission electron microscope (STEM) “z-contrast” imagine was
performed on a JEOL JEM-2100F 200 kV FEG-STEM/TEM with a digital camera at
Aberration-Corrected Scanning Transmission Electron Microscopy Facility, University of
South Carolina. It is a 200 kV field emission transmission electron microscope with a
Schottky field emission electron source and fitted with an ultra-high resolution pole piece,
which in STEM mode is capable of producing a probe size of 0.13 nm with 15 pA of current.
Images were taken using both bright field transmission and a high angle annular dark field
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detector. Each image was then analyzed using “Particle2.exe” software to determine
average particle size as well as standard deviation. Prior to STEM “z-contrast” imaging
each sample was reduced under hydrogen flow at 200 °C for 1 hour to ensure complete
reduction of gold and removal of any residual ligands.
2.3 Results
Au(en2)Cl3 adsorption by SEA
Adsorption survey experiments were performed at initial pH values in the range of
2-13. The adsorption solutions were 200 ppm Au in contact with a variety of support
materials listed in Table 3.1 at a surface loading of 1000 m2/L. Results of the adsorption
survey experiments and the pH shift experiments are shown in Figure 2.3 a and b
respectively. The obtainable weight percentage of Au onto each support is also shown in
Table 1.
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Figure 2.1: Adsorption survey experiments with various support materials and pH shift
data for adsorption survey experiments
Overall, all support materials showed the expected strong electrostatic adsorption
trends seen in previous work for the adsorption of a cationic complex. Maximum
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adsorption was obtained in the basic pH range with retardation of the adsorption at a pH of
13 due to the high ionic strength of the contacting solution.
The high PZC supports (i.e. alumina, ceria, and zirconia) are in agreement with our
previous works showing little to no adsorption taking place due to a low density of surface
hydroxyl groups being deprotonated in a basic pH environment.24 Support material with a
mid PZC (i.e. silica (amorphous and mesoporous), titania, and graphitic carbon) adsorbed
a higher surface coverage of gold because of the an increased density of the surface
hydroxyl groups are deprotonated. The lowest PZC support, niobia_159, obtained the
highest surface coverage due to an extremely high density of surface hydroxyl groups were
deprotonated.
2.4 Catalysis Synthesis and Characterization
XRD spectra were taken in order to determine the average diameter of the gold
particle sizes. Catalysts synthesized with SEA were compared with catalysts made using
Dry Impregnation for comparison. The spectra are shown in Figure 2.5 Average particle
size analysis for the two preparation techniques are shown in Table 3.3.
The silica supports gave the most uniform and smallest particles. The amorphous
silicas A90 and A300, as well as the mesoporous silica SBA-15 gave very small and
uniform particles even at high weight loading. A300 has a higher surface area than A90
therefore the highest weight loading achieved for A300 was higher than that of A90 yet the
Au particle sizes were similar when using the SEA method. SBA-15 has the highest surface
area of the Silicas and therefore has the highest maximum weight loading at 8.2% while
still maintaining the smallest particle size of all the silicas at 2.4 nm. Background
subtraction can easily be done because of the smooth silicon support XRD spectra as seen
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in Figure 2.5. Background subtraction using the DI catalyst spectra results in a more
accurate deconvoluted spectra because there is a closer intensity and stretching from metal
nanoparticle peaks giving a more accurate baseline subtraction than if the support XRD
spectra was used.
Table 2.2: Average particle size analysis from STEM and XRD characterization over Au
supported catalyst

Silica
A90
A300
Graphite
Ashbury

Surface
Area
(m2/g)

PZC

DI
Au
(%)

DI XRD
davg

SEA
SEA
STEM
Au (%)
davg

93
330

4.2
4.2

1.4
5.1

18.5
19.7

1.4
5.1

2.6
2.8

2.9
2.4

115

5.2

1.7

19.1

1.4

2.2

2.2

574

4.2

8.2

24.4

4.3

2.9

2.4

345
50

4.0
4.0

5.1
1.0

27.4
31.6

2.2
1.0

2.7
4.7

1.9
2.6

277

8.4

0.74

5.3

0.74

1.7

2.7

159

2.5

4.3

8.9

4.3

4.2

4.3

22

7.0

0.3

17.6

0.3

1.6

<1.5

97

8.4

0.7

24.2

0.7

1.3

<1.5

SEA XRD
davg

Mesoporous
Silica
SBA-15
Titania
Sachtleben
P25
Alumina
ɣ-Al2O3
Niobia
Nb2O5
(Amorph)
Zirconia
ZrO2
Ceria
CeO2
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XRD Characterization
Carbon has been known to be good support for monometallic Au catalysts made
with SEA using Au(en)2Cl3.46 The graphitic carbon support Asbury with its highly
crystalline surface readily electrostatically adsorbs very small uniform Au nanoparticles.
The particle size from XRD is 1.6 nm at a weight loading of 1.4%. The XRD pattern in
Figure 2.5 d shows a very broad peaks for the Au (111) and Au (200) peaks meaning that
the particles are very small. The Au (200) peak is within one of the characteristic graphite
peaks but after careful base line subtraction both peaks can be clearly seen and analyzed.
The Au on titania is more difficult than silica or carbon to electrostatically adsorb
Au onto the surface. To get adequate surface loading an excess of Au(en)2Cl3 needed to be
added to the solution during synthesis to drive the process forward. In Figure 2.2 c and d
you can see the comparison of the XRD of the SEA and the DI samples of Sach titania.
The DI Au on titania sample spectra have clear Au peaks because of large particles. The
SEA Au on titania catalysts have XRD spectra with no easily visible Au peaks but peaks
can be seen after careful background deconvolution.
The average particle size from the XRD spectra of the Au on Nb2O5 catalyst is 4.3
nm from the XRD profile in figure 2.2 e. The Nb2O5 support is very acidic resulting in a
easy adsorption of the cationic precursor when the surface is deprotonated. There is the
development of a shoulder of the large Nb2O5 peak at 26° for the DI sample but and there
is a complete shift in the same peak for the SEA sample of almost 2 degrees. This may be
due to the reduction process for the Au nanoparticles carried out at 180 °C in 10% causing
the morphology to begin to shift to a more crystalline phase. Amorphous Nb2O5 is known
to shift to a HCP structure when calcined at elevated temperatures.47 The Nb2O5 used is
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amorphous resulting in the Au on Nb2O5 catalyst has particles that are small and well
dispersed but not very uniform as can be seen in Figure 2.3 e.
The ɣ-Al2O3 is a high PZC support with a PZC of 8.4 which naturally results in a
lower overall uptake relative to the low PZC supports with similar surface areas. The
maximum uptake obtainable is 0.74% which can be deconvoluted from the XRD spectra
seen in Figure 2.2 f yielded a particle diameter of 2.7 nm. Both CeO2 and ZrO2 are high
PZC supports with relatively low surface area resulting in low uptake even in basic solution.
Due to the small number of particles and the small size of the particles present neither of
XRD spectra could be background subtracted as seen in Figure 2.2 g and h. The CeO2
support XRD spectra yields a very flat pattern around 38.1° and 44.5° where the Au (111)
and Au (200) peaks respectively are which are the most prevalent Au peaks. The XRD
instrument used has a detection limit of 1.5 nm so the particles are assumed to be smaller
than the detection limit since peaks are not seen.
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Figure 2.2: XRD of SEA and DI Au on various supports and deconvolution of supported
Au on a,b)A90 c,d) A300 e,f) SBA-15 g,h) Asbury i,j) Sachtleben k,l) P25 m,n) γAl2O3
o,p) Nb2O5 q) CeO2 and r) ZrO2
STEM Characterization
Numerous STEM images were taken to make an accurate determination of the
average gold particle size. The representative STEM images of selective catalysts and size
distribution graphs are shown in Figure 2.3. Particle sizing was done over an average of
1000 particles from a dozen images of each sample when available due to the low weight
loading. Average particle size analysis with standard deviations for the two preparation
techniques are shown in Table 3.
Each of the catalyst supports maintained an average particle size of 4 nm or below,
which is significantly smaller than the DI prepared counterparts. The silica catalysts each
show very well dispersed particles with tight size distribution. The SBA-15 catalyst has
well distributed particles even inside the long narrow pores that are characteristic of this
silica. It is very difficult to get particles to form throughout the pores of SBA-15 using the
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DI method because of transport limitations and particle sizes. The Asbury carbon catalyst
shown in Figure 2.6 d has small well distributed Au particles. The average particle size
from STEM of 2.1 nm shows a slight discrepancy with the size calculated from XRD of
1.6 nm. The amorphous Nb2O5 catalyst has well distributed particles but there is a wide
size distribution as seen in the STEM image and size distribution graph in figure 2.3 f. This
wide size distribution may be due to the acidic nature of the support. The ɣ-Al2O3 catalyst
shown in Figure 2.3 g consists of ultra-small nanoparticles with a small amount of large
agglomerations.
The mean particle size of the Au on Sachtleben TiO2 is 2.7 nm from analysis of the
STEM images. The images show that there is a bimodal size distribution consisting of a
majority of small nanoparticles with a small amount of larger particles above 4 nm. A
mean particle size of 2 nm had been seen previously on titania (P25) at a reduction
temperature of 200 °C at a slow heating rate (1 °C/min), and another P25 sample reduced
at 300 °C at the same heating rate produced virtually the same particle size. This
comparable average particle size could involve the reduction of the titania support, which
would hinder the sintering of the Au nanoparticles at an elevated temperature.42,48–50
Due to low weight loadings and lack of Z contrast due to similar atomic weights it
is difficult to see particles on CeO2. The ZrO2 catalyst has very small particles with a tight
size distribution but due to the low weight loading the particles are not closely packed.
Overall, samples prepared by SEA produced a smaller average particle size with a
narrow standard deviation, while samples prepared by traditional dry impregnation
produced larger particles with higher standard deviations, especially on the amorphous
silica supports. This increase in particle size is due to a lack of a strong precursor-support
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interaction. When dry impregnation is used the surface of the support is neutrally charged
or at the PZC and a lack of attractive force prevents the metal complex from being properly
anchored, leading to an increase in average particle size and standard deviation.
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Figure 2.3: STEM images and corresponding particle size analysis of SEA Au on a) A90
b) A300 c) SBA-15 d) Asbury e) Sachtleben f) P25 g) Al2O3 h) Nb2O5 i) CeO2 and j)
ZrO2
2.5 Discussion
Speciation of Au(en)2Cl3 in solution
Ethylenediammine can exist in aqueous solutions as three different forms: EnH2+2,
EnH+, En. Using the equilibrium constants presented in Asku et al.51a speciation plot can
be modeled and is shown in Figure 2.7. From the speciation curves it is clear that at a pH
lower than 7 a doubly protonated ethylenediammine (EnH2+2) is the dominate species,
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while ethylenediammine (En) dominates in a basic environment starting around a pH of 9.
The intermediate pH values are dominated by the singly protonated ethylenediammine
(EnH+). This model was confirmed by experimental work exploring the protonation and
deprotonation En.51–53 This data shows that En is basic in nature and readily gives up excess
hydrogen.
The EXAFS results revealed that Au(en)2Cl3 changed to a trigonal planar geometry
with increasing pH. Prior work has explored speciation and complexation of Au(en)2Cl3 in
acid and alkali solutions.43,53 These works state that as the hydrogen ion concentration
decreases in solution, one of the ethylenediammine ligands will deprotonate releasing a
hydrogen ion into solution.
Speciation curve of Au(en)2Cl3 was constructed using the equilibrium constants
calculated from spectroscopic data from previous work. The results of this modeling are
shown in Figure 2.7. Figure 2.7 a illustrates that formation of [Au(En)(En-H)]2+ begins at
a pH of 6 and at a pH of 10 Au(en)2Cl3 has changed entirely to this deprotonated
ethylenediammine Au complex. This is consistent with Figure 7 b which shows that a drop
in the coordination number from a pH of 6 to pH of 10, where the coordination number of
Au(en)2Cl3 is approximately 3. From these results it can be suggested that [Au(En)(EnH)]2+ has the trigonal planar geometry illustrated in Figure 2.4 c. The hydrogen released
from the ethylenediammine is on the nitrogen group bound to the gold center. In previous
work this release of hydrogen was a result of a charge transfer affect, which resulted in a
shift of a UV band that was not present when the complex was dissolved in water.54
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d)

Figure 2.4: a) Speciation curves of ethylenediammine in aqueous solution, b)
structure of Au(en)2Cl3 in solution at pH below 6, c) postulated [Au(En)(En-H)]2+
complex, and d) Speciation curve of Au(en)2Cl3 in aqueous solution ([Au(en)2]3+=
Au(en)2Cl3 in solution, [Au(En)(En-H)]2+=deprotonated ethylenediammine Au
complex)

Also, at acidic pH values the complex underwent another structural change but with
chlorine. The presence of 2 Au-Cl with 2 Au-N backscatters was evident on both the fresh
and aged samples. Previous research involving the interaction of Au(en)2Cl3 with chloride
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ions showed that a substitution of ethylenediammine with chlorine ions would take place
when excess chlorine was present in solution.55 Based off the results of the EXAFS and
prior work it can be assumed that at very acidic pH using HCl as the acid would allow
Au(en)2Cl3 to undergo a substitution of one of the ethylenediammine ligands with chlorine.
From all of the above assumptions a series of reactions can be designed to show the possible
speciation of Au(en)2Cl3 with increasing pH:
Reaction 1: Acidic Conditions
[𝐴𝑢(𝑒𝑛)2 ]3+ + 2𝐻 + + 2𝐶𝑙 − ↔ [𝐴𝑢(𝑒𝑛)𝐶𝑙2 ] + 𝑒𝑛𝐻2 2+
Reaction 2: Basic Conditions
[𝐴𝑢(𝑒𝑛)2 ]3+ + 𝑁𝑎+ + 𝑂𝐻 − ↔ [𝐴𝑢(𝑒𝑛)(𝑒𝑛𝐻)]2+ + 𝑁𝑎 + + 𝐻2 𝑂
Besides the change in coordination number there was an increase of the Au0 fraction
as the pH of the gold solutions were increase. After samples were analyzed at the APS
there was an apparent red hue to the solution. The red color of the solution is typical of
metallic gold.56 However, since there was no evidence of Au-Au bonds present in the
EXAFS fitting it can be hypothesized that the formation of reduced gold in solution is very
slow if the solution is keep below a pH of 5. It can also then be concluded that with
increased oxygen concentration in solution at basic pH the possibly of the formation of
reduced gold is increased.57
2.6 Conclusion
From the stability study of Au(en)2Cl3 it can be concluded that the complex is stable
below a pH of 5 at least for one month. The complexes undergo a structural change from
square planar to trigonal planar as pH is increased past 7. We suggest that this occurs as a
hydrogen ion from the nitrogen group close to the Au center is released while the other
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nitrogen group breaks away from the Au center forming an ethylenediammine tail and a
drop in oxidation state occurs. An increase in the metallic gold fraction occurred with
increased concentration of hydroxide concentration.
The SEA method has been extended to the preparation of supported metal catalysts
using this cationic gold complex. The mechanism of adsorption over a silica support is
electrostatic in nature, while adsorption over a carbon support shows signs of an additional
reductive mechanism. Evidence of a reductive mechanism on carbon is evident from the
XAS results of the slurry samples at the optimal pH conditions, which showed increased
metallic gold fraction compared to the solution experiments. The maximum adsorption
experiments in conjunction with the XRD pattern of Au(en)2Cl3 showed that one hydration
sheath is retained as the complex is adsorbed. Modeling of adsorption on silica compared
to experimental adsorption data suggests that Au(en)2Cl3 can adsorbs as a +2 complex at
high pH.
Catalysts prepared using HAuCl4 tend to have particle sizes twice those prepared
with Au(en)2Cl3. This is probably due to hydrolysis of HAuCl4 in solution leading to a high
metal loading being adsorbed with a high amount of sintering taking place. SEA prepared
samples compared to the other preparation techniques have comparable average particle
sizes at low weight loadings. The DPU prepared samples are capable of producing
approximately the same particle size but at significantly higher weight loadings. 58–67
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Chapter 3
Why Norit ROX Rocks
3.1 Introduction
Vinyl chloride monomer (VCM) is the largest produced commodity chemical by
volume with a production of over 50 million tons a year. VCM is the monomer used to
make polyvinyl chloride (PVC) which is one of the top three plastic polymers produced
per year by volume. Due to the volatility in the prices of oil and natural gas, coal derived
feedstocks are much more attractive in the commodity chemical world due to low cost and
long-term stability. Acetylene is one of these feedstocks and is utilized in the production
of VCM via the acetylene hydrochlorination process in places like China due to its
abundance of coal. Traditionally the catalyst used for this process is 10-15% mercuric
chloride on carbon catalyst and due to the environmental impacts of mercury it will be no
longer be used after 2022.
Several nonmercury alternative catalysts have been synthesized and tested with
little success.17,18,68,69 The most promising alternative catalyst is an Au supported on carbon
catalyst where the active site is atomically dispersed Au oxidized into the Au(I) or Au(III)
state.12,70 Only carbon supported Au has been shown to be active catalysts for this reaction
but Au nanoparticles on carbon supports sinters under reaction conditions. 46 Even among
carbon supports there is a significant difference in catalyst activity and stability when using
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the various carbons. The leading researcher in this field, Hutchings, primarily used Darco
in his early papers but switches to using Norit ROX carbon exclusively after his papers
written in 2013.14,71–73 Since then Norit ROX has been the carbon of choice for most
research done in this field. Work has been done at the University of South Carolina by
Kerry O’Connell on the relationship between the stability of Au nanoparticles and support
used. In this study catalysts made by strong electrostatic adsorption (SEA) of Au(en)2Cl3
on several carbon and noncarbon supports were analyzed. The Au nanoparticles on
noncarbon supports is more stable but inactive. The carbon supported Au catalysts are
active but sinter rapidly in the presence of HCl. The most active support was found to be
oxidized VXC-72 hinting that the hydroxyl group content on carbon has a major effect on
stability and activity.46 Norit was not used in this study but it is evident that the catalysts
in that study were less active and stable than those made with Norit.
Work has been done to modify the Norit carbon surface and to eliminate the use of
Aqua Regia in the synthesis process. Nitrogen doped Norit has been shown to be very
effective in stabilizing atomic Au and maintaining dispersion under reaction conditions but
suffers from deactivation due to pore blockage.74 Dry impregnation using ionic liquids has
been used on the surface of Norit in order to help dispersion and stabilize the oxidized Au
nanoparticles and increase the adsorption of acetylene and HCl onto the surface of the
Au.19–21 Activated carbon fibers were compared to Norit as an alternative support for
acetylene hydrochlorination.75 This study utilized temperature controlled desorption to
determine which surface oxidation groups were on each of the carbon supports and which
groups were binding sites for Au. While the phenol and carbonyl groups on the carbon
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fibers were the primary binding site for Au the carboxylic, ether, and carbonyl groups were
the primary binding sites on Norit.
In this work we will characterize monometallic carbon supported Au catalysts with
powder XRD and XPS. The catalysts will be synthesized via SEA of Au(en)2Cl3.24,32 This
method allows for metal precursors to be strongly adsorbed onto support surfaces with high
dispersion resulting in small particle sizes and even atomic dispersion in some cases. The
various carbon supports were oxidized in either different concentrations of HNO3 or Aqua
Regia before deposition of Au in order to modify the point of zero charge (PZC) on the
support allowing for better uptake with SEA. Oxidation of the support results in an
increased amount of carboxyl groups on the surface of the support which can affect the
activity of the catalyst and increase adsorption for SEA.37 Nanoparticle stability is tested
in a He/HCl mixture as well as in acetylene hydrochlorination reaction mixture of
He/HCl/C2H2. When deposited onto Norit carbon Au is atomically dispersed and is stable
against sintering in the He/HCl environment. In this study XRD and XPS were performed
on different catalysts after synthesis, reduction, and pretreatment in order to elucidate the
difference between the Norit carbon and other carbons for this reaction.
3.2 Experimental
Catalyst preparation
One weight percent Au supported on carbon catalysts used in this study were
synthesized by SEA of bis(ethylenediamine)gold(III)chloride, Au(en)2Cl3. The Au(en)2Cl3
precursor was prepared using the method developed by Block and Bailar.43 The carbon
supports that were used were Norit ROX, Timrex, and VXC-72. The supports were
oxidized by refluxing the support in acid at 85° for 1 hour. Each carbon support was
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oxidized using HNO3 or aqua regia of concentrations 15.7 M, 1 M, and 0.5 M. After
refluxing for an hour, the supports were washed of residual acid and filtered until the filtrate
reached a pH above 4.5 and then dried overnight in an oven. The PZC of each support will
then be determined by a 3-point PZC measurement.
Following the determination of the PZC uptake surveys of Au from an Au(en)2Cl3
precursor were performed. The surface loadings of the carbon were maintained at 1000
m2/L. A pH shift was performed on each of the carbon supports to estimate the pH in which
the highest amount of metal uptake will occur. For each support the optimal uptake occurs
around a final pH of 12 so all SEA of done at this pH.
Catalyst characterization
XRD was used on both the fresh and spent samples to observe changes in metal
particle size. The XRD instrument is a Rigaku MiniFlex II equipped with a D/teX silicon
strip detector and uses Cu Kα radiation. Background subtraction was used to isolate the Au
(111) peaks in order to calculate the particle size using the Debye-Scherrer equation.
X-ray photoelectron spectroscopy (XPS) investigation of untreated and treated
catalysts was carried out using a Kratos AXIS Ultra DLD XPS (Kratos Analytical).
The XPS system is equipped with a monochromatic Al Kα source operated at 15 keV and
150 W , a hemispherical analyzer, charge neutralizer, catalysis cell, and a load lock
chamber for rapid introduction of samples without breaking vacuum. The X-rays were
incident at an angle of 45°, with respect to the surface normal. Analysis was performed at
a pressure of ~1 × 10−9 mbar and high-resolution core level spectra were measured with a
pass energy of 40 eV. The XPS experiments were performed by using an electron beam,
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directed on the sample, for charge neutralization. The curve fitting procedure was carried
out using the XPS Peak 41 software and the peak approximation was carried out by a
combination of Gaussian

-

Lorentzian

functions,

with

subtraction of Shirley-

type background.
Catalyst evaluation
Hydrochlorination of C2H2 was performed using a fixed bed, PyrexTM reactor (3/8”
OD). Prior to the start of the reaction 120 mg of catalyst undergoes a pretreatment with 11
SCCM HCl and 10 SCCM He for 30 minutes at 180° C. Acetylene is then added to the
feed containing the pre-chlorided catalysts at a 1:1:1.1 ratio of He:C2H2:HCl with a total
flow of 31 SCCM. All gas flows were controlled by mass flow controllers (Brooks 5850E).
The conversion of C2H2 was determined analyzing the C2H2 flow from the feed and product
stream by a HP 5890 Series gas chromatograph (GC) equipped with a flame ionization
detector.
3.3 Results
Three different series of oxidized carbon supports consisting of Norit ROX, Timrex,
and Vulcan XC-72 were used for this study using. Each carbon was oxidized in 15.7M,
1M, and 0.5M of both HNO3 and aqua regia to obtain a variety of different supports with
different points of zero charge (PZC). PZC is the pH in solution of a support at which the
hydroxyl groups on the surface of the support are neutrally charged. At the pH above the
PZC a support is negatively charged and can strongly adsorb positively charged ions. The
purpose of oxidizing the carbon supports is to increase the number of hydroxyl groups on
the surface of the support and decrease the PZC making it easier to adsorb the positively
charged Au(en)23+ ion for SEA. Table 3.1 shows the various PZC carbon supports obtained
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from oxidation. The surface areas of the Norit ROX, Timrex, and VXC-72 are 1225 m2/g,
280 m2/g, and 254 m2/g respectively. Uptake surveys were done on the VXC and Norit
series as shown in Figure 3.1. As you can see the uptake increases with decreasing PZC as
predicted by the RPA model.

31,76,77

The maximum uptake on 3 PZC VXC-72 is 0.85

μmol/m2 which is the equivilent of 4 wt% Au. The maximum uptake on 2.7 PZC Norit
ROX is 0.54 μmol/m2 which equates to 11.6 wt% Au. This difference is due to the Norit
ROX having more surface area than VXC-72 so although the uptake was lower the
maximum wt% from one cycle of SEA was higher.
Table 3.1:PZC and surface area of oxidized carbon supports
surface area (m2/g)
no oxidation
15.7 M HNO3
1 M HNO3
0.5 M HNO3
15.7 M AR
1 M AR
0.5 M AR

Norit
1225
7.7
2.7
4.7
5.7
2.5
5.7
6.2

Timrex
280
5.4
2
3
4.4
2
3
4.4

VXC-72
256
8
3
4.2
5.2
3
4.4
5.5

Figure 3.1: Uptake survey of Au(en)2Cl3 on HNO3 oxidized a) VXC-72, b) Norit ROX
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XRD and XPS characterization
XRD spectra were taken in order to determine the average diameter of the gold
particles. The catlaysts were analyzed fresh, after pretreatment, reduced, reduced pretreated,
and post reaction as shown in table 3.2 below.
When analyzing the XPS patterns of the samples the Au 4f and Cl 2p regions are
of interest because the Au 4f region shows the oxidation state of the Au during and before
pretreatment and the Cl 2p region confirms that the oxidized Au is bonded to Cl. In Figure
3.3b and 3.4b the unreduced sample of 1% Au/5.7 PZC AR oxidized Norit show both Au0
and Au(III), thought to be AuCl3, present from both the Au 4f and Cl 2p regions showing
that much of the Au is already oxidized upon deposition. The Au(III) is present because
gold cation used in SEA is Au(en)23+ and the Au maintains that charge upon adsorption.
In the XRD pattern in Figure 3.2b for this sample there is no visible Au peak suggesting
that the Au in atomically dispersed or in ensembles with sizes below the limit of detection.
After pretreatment the relative intensity of the Au(III) to Au0 in the Au 4f region increases
showing that more Cl is being adsorbed onto the Au. The XRD pattern still shows that the
Au is atomically dispersed. Upon reduction of the initial sample there are shifts the XPS
patterns. In the Au 4f region the peak for Au(III) disappears and instead a small Au(I) peak
is present at a lower intensity. Additionally, the Cl peak in the Cl 2p region shifts to the
right possibly showing a dissociation with Au. The XRD pattern shows small 3.6 nm
metallic Au particles. Upon pretreatment of the reduced catalyst there is a reemergence of
the Au(III) peak and a pattern that looks similar to the unreduced pretreated sample. In the
Cl 2p region the Cl peak once again shifts left back original position. The XRD pattern for

39

the reduced pretreated sample once again shows no visible metallic Au peak showing a
redispersion of the Au.
Table 3.2: XRD particle sizes of Au catalysts
Unreduced

Unreduced
Pretreated

Reduced

Reduced
Pretreated

1% on 4.7 PZC Norit ROX HNO3

11.4

10.8

3.5

15.8

oxi
1% on 5.7 PZC AR oxi
1.15% on 3 PZC Timrex HNO3 oxi

0
13.8

0
22.7

3.6
9.2

0
14.7

1.2% on 3 PZC Timrex AR oxi
0.8% on 7.7 PZC Norit ROX

13.0
0

17.9
0

7.3
3.9

20.1
0

0

10.4

2.7

8.1

10.2

17.9

11.9

20.1

1.15% on 4.2 PZC VXC HNO3 oxi
0.9% Au on 3 PZC KBM

The 1% Au on 4.7 PZC HNO3 oxidized Norit catalyst is different because the
oxidation of the support was carried in HNO3 which better at oxidation resulting in a lower
PZC. The Au 4f region of XPS pattern in Figure 3.3a for the unreduced catalyst shows a
small amount of Au(III) compared to Au0. The XRD pattern in Figure 3.2a shows a small
peak corresponding to 11 nm Au. Upon pretreatment the Au 4f region of the XPS shows
an increase in the intensity of the Au(III) peak while the XRD stays relatively unchanged
showing 11 nm particles. When the catalyst is reduced there is a change in the XPS pattern
in the Au 4f region where the Au(III) peak decreases and the Au0 peak increases showing
that more Au was reduced. The XRD pattern for the reduced catalyst shows a huge increase
in peak area, displaying a bimodal size distribution, and decrease in average particle size
to 3.5 nm. When this sample is pretreated the peak area of the XRD pattern decreases and
the particle size of the remaining large particles is 16 nm. The peak area is roughly 8 times
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smaller for the reduced pretreated sample compared to the reduced sample showing that
most of the particles are redispersed during pretreatment. The Au 4f region of the XPS
pattern of this catalyst shows a large decrease in the Au0 peak intensity and large relative
amount of Au(III) to Au0 as well.
The 1% Au on 3 PZC HNO3 oxidized Timrex showed the expected XPS and XRD
patterns that are typical of Au/C catalysts for this reaction. The XPS of the unreduced
sample showed a small amount of Au(III) in both the Au 4f and Cl 2p regions in Figures
3.3c and 3.4c. The XRD showed a small amount of relatively large particles of 14 nm in
Figure 3.2c. This small peak area indicates that a majority of the Au is below the detectable
limit of the XRD possibly atomically dispersed. Upon pretreatment there is only metallic
Au present in the XPS spectra. The XRD shows an 8 fold increase in the peak area of the
Au[111] peak and an increase in the average particle size to 23 nm. This sintering of Au in
the presence of HCl shows that the atomic Au is not stable on Timrex. When the catalyst
is reduced after synthesis the XPS spectra shows only metallic Au and the XRD shows a
slight change in particle size to 9 nm and a doubling of peak area. Much of the dispersed
Au is reduced and particles as expected. When the reduced catalyst is pretreated the XPS
spectra does not change and only metallic Au is seen. The XRD shows a particle size of 14
nm and an increase in peak area even larger than that of the unreduced pretreated sample.
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Figure 3.2: XRD of 1% Au on a) 4.7 PZC Norit ROX HNO3 oxi, b) 5.7 PZC Norit ROX
AR oxi, c) 3 PZC Timrex HNO3 oxi, d) 3 PZC Timrex AR oxi, e) 7.7 PZC Norit ROX f)
4.2 PZC VXC-72 HNO3 oxi, g) 3.5 PZC KBM
In Figure 3.2d the XRD patterns for the 1% Au on AR oxidized Timrex are shown.
They are similar to the HNO3 oxidized except when the support is reduced when there is a
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large increase in peak intensity and area relative to the unreduced sample. The XPS spectra
of this sample in Figure 3.3d and 3.4d show that pretreatment after reduction results in a
small amount of Au(III) even though the XRD pattern shows an increase in particle size.
This corresponds with the decrease in peak area suggesting a small amount of redispersion
at the same time as sintering.
This large difference in pretreated samples suggests that there are more binding
sites on Norit ROX than Timrex. This binding site is even more stable than Au-Au bonds
suggested by the redispersion of the reduced Au/Norit samples. These binding sites would
be hydroxyl groups and defect sites on the carbon surface.
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Figure 3.3: XPS of Au 4f region of 1% Au on a) 4.7 PZC Norit
ROX HNO3, b) 5.7 PZC Norit ROX AR, c) 3 PZC Timrex
HNO3, d) 3 PZC Timrex AR, e) 7.7 PZC Norit ROX, f) 4.2 PZC
VXC-72, g) 3 PZC KBM where 1) unreduced, 2) unreduced
pretreated, 3) reduced, 4) reduced pretreated
A 0.8% Au catalyst supported on unoxidized Norit ROX was also synthesized and
analyzed with XPS and XRD. The XRD shown in Figure 3.2e displays a similar trend to
the samples made on AR oxidized Norit ROX where there is no visible Au[111] peak after
synthesis or pretreatment. The only gold seen is after reduction but upon pretreatment the
particles redisperse. The Au 4f region of this catalyst shown in Figure 3.3e only shows
Au(III) and Au(I) after synthesis which is unique to this sample. When reduced only
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metallic Au is seen. After pretreatment of both the unreduced and reduced samples there is
an increase in the relative intensity of Au(III). The Cl 2p region of the XPS shows that
Au(III) in the form of AuCl3 is present in all samples. Even without oxidation Norit ROX
has the ability to stabilize atomically dispersed Au.
XRD was also done on catalysts made with Darco-KBM and oxidized Vulcan XC72. KBM is a high surface area carbon with a surface area of 1200 m2/g and was used as a
comparison to the high surface area Norit-ROX. The 0.9% Au on 3 PZC KBM in Figure
3.3g had unreduced and reduced particle sizes of 10 and 12 nm respectively. The unreduced
pretreated and reduced pretreated samples grew to 14 and 17 nm. This is the typical trend.
The large particle sizes suggest that even though there is a large surface there are not many
stable binding sites for atomically dispersed Au. The 1.1% Au on 4.2 PZC HNO3 oxi VXC
shown in Figure 3.2f were more stable than on Timrex but not as stable as the Norit samples.
The XRD of the unreduced catalyst show no significant Au peak suggesting atomic
dispersion or particle sizes below the limit of detection. Upon pretreatment the unreduced
sample shows a small Au[111] peak corresponding to a particle size on 10 nm. The reduced
sample shows a broad peak corresponding to a particle size of 2.7 nm. The peak area of the
reduced sample is much larger than that of the unreduced pretreated sample suggesting that
there is some stability of the Au before reduction. The reduced pretreated sample shows
particle growth to 8 nm without a significant change in peak area.
DFT studies have been done that show the most stable site for AuCl3 species to be
bound is on a carbonyl or a hydroxyl group.33,34 The oxidized Norit with its large surface
area has more carbonyl groups than most carbons making it an ideal support for atomic
dispersion of Au. The lack of suitable binding sites on Timrex and other carbons allows for
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the Au to be mobile in the presence of HCl and sinter. Additionally, Norit ROX ability to
adsorb HCl onto its surface increases the stability of the catalyst by having more readily
available Cl for the atomically dispersed to bind with during the reaction mechanism.
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Figure 3.4: XPS of Cl 2p region of 1% Au on a) 4.7 PZC Norit
ROX HNO3, b) 5.7 PZC Norit ROX AR, c) 3 PZC Timrex
HNO3, d) 3 PZC Timrex AR, e) 7.7 PZC Norit ROX, f)4.2 PZC
VXC-72 HNO3, g) 3 PZC KBM where 1) unreduced, 2)
unreduced pretreated, 3) reduced, 4) reduced pretreated
3.4 Surface Defects and Chloride Saturation
XPS studies were done on the Norit ROX and Timrex supports to determine the
ability of each support to adsorb HCl shown in table 3.3 and Figure 3.6. Pretreated Norit
ROX oxidized in both HNO3 and aqua regia after pretreatment had a mass concentration
of Cl of at 3.7% and 2.9% respectively while the Timrex supports only had a concentration
of 1.2% and 1.4%.
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The Cl 2p regions of the pretreated support only samples were analyzed it was
found that organically and inorganically bound chloride is present. Organic chloride is
where Cl is bound to carbon directly and inorganic chloride is where Cl atoms are bound
in a water-soluble form to impurities such as in NaCl, CaCl2 or, more likely as HCl
complexes on quaternary amines.78,79 The C 1s region also verifies that much of the Cl
binds directly to carbon. The C-O bond ratio decreases after pretreatment in every sample
whether support only or after Au adsorption and is the only bond that decreases in every
case. This leads us to believe that it is a binding site for Cl where HCl reduces the C-O
resulting in the formation of a C-Cl bond and H2O. This is chloride saturation, where
chloride is adsorbed and directly bound to both the carbon surface and the atomically
dispersed Au forming a stable and oxidized Au species. The Cl adsorption on the support
may be able to be increased with increasing pretreatment time and temperature.
Table 3.3: Ratios of carbon bonds from XPS C 1s region of support only
C1s % ratio
Norit ROX
Norit ROX HNO3 oxi
Norit ROX HNO3 oxi Pretreated
Norit ROX AR oxi
Norit ROX AR oxi pretreated
Timrex
Timrex HNO3 oxi
Timrex HNO3 oxi Pretreated
Timrex AR oxi
Timrex AR oxi pretreated

C=C
57.8
54.1
56.3
57.1
51.1
61.8
63.0
59.5
58.8
57.2

C-C
13.7
13.8
13.7
14.6
16.6
12.0
12.1
12.2
12.0
13.8

C-O
8.8
9.2
8.4
9.2
8.9
8.2
8.7
7.7
9.2
7.7

O-C=O
5.0
6.8
6.7
5.2
6.1
4.4
4.7
4.7
4.8
4.8

Carbonates
5.7
6.2
5.6
6.0
5.9
4.5
4.6
4.2
5.1
5.3

π - π*
9.1
10.0
9.2
7.9
10.8
9.2
7.1
11.7
10.1
11.2

The C=C and the C-C peaks have sp2 and sp3 hybridization respectively, where sp3
carbon hybridization is indicative of defects in the carbon matrix. It is obvious that Norit
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ROX always has more defects (sp3) than Timrex. This could be a possible explanation of
the different properties of Norit. When normalized by mass of support it is clear to see that
Norit has 5 times the amount of defect sites as shown in Figure 3.6. These defect sites near
Cl bonded to the carbon support are ideal for stabilizing atomic Au and preventing sintering.
Norit ROX’s ability to retain nearly three times the Cl than Timrex means that there
is more Cl available to bind with the atomically dispersed Au for it to be catalytically active
during the reaction process. The surface elemental analysis from the XPS yields some
insightful information about each catalysts ability to adsorb Cl. In the case of the Au on
AR oxidized Norit there is a significant increase in the mass of Cl on the surface after
pretreatment from 0.6% to 2.5% in the unreduced with a similar trend seen in the reduced
catalysts. This increase can be attributed to the increase in AuCl3 as well as Cl bonded
directly bonded to the surface of the support. The HCl disperses the Au and Cl is adsorbed
onto the atomic Au. In contrast the Au on HNO3 oxidized Timrex catalysts see a decrease
in the surface concentration of Cl after pretreatment. The surface concentration of Cl mass
concentration is reduced from 1.1% to 0.7% after pretreatment of the unoxidized catalyst.
In this case the Au sinters rather than dispersing decreasing the available sites for Cl to be
adsorbed.
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Figure 3.5: XPS of Cl 2p region of
pretreated 1) AR oxidized Timrex, 2)
HNO3 oxidized Timrex, 3) AR oxidized
Norit ROX, 4) HNO3 oxidized Norit
ROX

Figure 3.6: Surface area of defect sites
When comparing the mass concentration % of Cl as shown in Figure 3.7 it is clear
to see that Norit is far superior to Timrex in retaining Cl with or without Au. In fact, Norit
adsorbs more Cl when there is no gold present. All the catalysts have Cl present before
pretreatment because Cl is in the Au(en)2Cl3 precursor used in SEA. All of the Au on Norit
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catalysts begin with similar Cl content before pretreatment and have similar levels after
pretreatment showing that the different oxidation processes did not affect Cl adsorption
onto the catalysts as shown in Figure 3.7. The Timrex catalyst and support only samples
all had about one third of the uptake of Cl compared to Norit. There is one discrepancy that
comes from the unreduced pretreated 1.2% Au on AR oxidized Timrex. This sample had a
large amount of Cl on the surface of 3.9%, which does not follow the expected trend. This
is due to the formation of large NaCl particles forming on the surface. From XRD of this
sample in Figure 3.3d there is a peak at 31.8 degrees that is attributed to NaCl and
corresponds to 35 nm particles. This is verified by the XPS in Figure 3.5d where the peak
attributed to Cl0 at 198.6 eV is shifted to the left compared to the other Cl0 peaks normally
at 198.0 eV due to a large amount of NaCl. Washing the catalysts should result in a decrease
in Cl content and result in a more accurate result from XPS.

Figure 3.7: Surface concentration of Cl from XPS
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3.5 Catalyst evaluation
Reaction data
The samples were evaluated in a vertical glass tube reactor at 180 °C for 24 hours after
30-minute pretreatment of 10 cc He and 11 cc HCl. After the pretreatment step 10 cc of
C2H2 was introduced to the system already consisting of 21 cc of He and HCl. The reactor
was loaded with 120 mg of catalysts and the resulting GSHV for Norit ROX, Timrex, and
VXC-72 was 6200 hr-1, 4300 hr-1, and 2300 hr-1 respectively which are several times larger
than most literature. This was done to closely imitate industrial conditions and to keep the
conversion low enough to see trends in reactivity. All catalysts reach a pseudo-steady state
(characterized by the region in which the rate of deactivation is constant) within the first 1
– 10 hr.
Reactivity results are summarized for the three carbon supports and pretreatments
in Figure 3.8. From Figure 3.8b a trend is observed between Timrex, and acid used to
oxidize on conversion. 1% Au on 3 PZC Timrex both oxidized by HNO3 and Aqua Regia
has the highest activity once pseudo-steady state is reached. Up until about 10 hours online
Au on HNO3 and Aqua Regia oxidized Timrex of similar PZC behaved the same. After 10
hours the Aqua Regia oxidized catalysts had a lower rate of decay and even seems to
stabilize over time. However as seen in Figure S4 when the gold on Timrex catalysts are
run for a longer time deactivation does occur.
There is not a significant difference between the different catalysts for the VXC-72
series in Figure 3.8c. For the VXC-72 series the 1% Au on the AR and HNO3 oxidized
support show similar conversion at every PZC. The only catalyst that performed differently
was the 1% Au on the unoxidized VXC-72. This catalyst had a noticeably lower activity
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possibly due to the lack of hydroxyl groups on the surface of the support. For the first 10
hours online the catalysts on HNO3 oxidized VXC-72 have similar conversion and
deactivation as the catalysts on AR oxidized VXC-72 with similar PZC. This leads us to
believe that the acid used to oxidize has no effect on conversion for the VXC-72 series.
The Au on the unoxidized VXC-72 support had an activity much lower than any of the
other catalysts. This is similar to what others have reported.68,80–83 The deactivation rate of
each catalyst was similar after reaching pseudo steady-state after 10 hours online.
The Norit ROX series (Figure 3.8a) is clearly most active and stable catalyst. The
most stable catalyst with the lowest deactivation rate is the 1% Au on 5.7 PZC HNO3
oxidized Norit ROX. This catalyst has an acetylene conversion of 31% at 24 hours and
29% at 48 hours. This catalyst was run for 96 hours total and had a conversion of 23%
resulting in an overall deactivation rate of 0.1%/hr. The 0.8% Au on untreated Norit ROX
had a higher acetylene conversion of 40% at 24 hours and 28% at 48 hours, but a
deactivation rate of 0.5%/hr. The lower initial conversion of the oxidized supports may be
attributed to the pore structure being damaged during oxidation. The faster deactivation of
Au on untreated Norit ROX catalyst is due to a lack of binding sites for the molecularly
dispersed AuCl3 species that can be gained from oxidation. The HNO3 oxidized Norit
catalysts were more stable and active than the AR oxidized catalyst despite the latter having
more atomically dispersed Au after pretreatment. This may be due to the pore structure
being damaged by the AR causing transport limitations and resulting in lower activity.
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Figure 3.8: Catalytic performance of gold catalysts supported on
oxidized a) Norit ROX b) Timrex, and c) VXC-72 as a function
of reaction time.
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Figure 3.9: Comparison of acetylene conversion at 10 hours online and sp3
surface area

Figure 3.10: Comparison of acetylene conversion at 10 hours online and
Cl uptake during pretreatment
Correlation of the reactivity data with the characterization data leads to two
interesting connections. First, when acetylene conversion is compared to sp3 surface area
a clear trend arises. This is shown in Figure 3.9. The sp3 surface area, indicative of defect
site area, might provide stable binding sites for the AuCl3 active site on the carbon surface,
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so explaining the higher activity and stability of Norit ROX compared to the other carbons.
Commensurately, as shown in Figure 3.10, there is a correlation between organic Cl
retention after pretreatment and acetylene conversion at 10 hours. The amount of organic
chloride retained is directly related to the number of active sites available after pretreatment.
The 10-hour time online was chosen as at this time the deactivation rate for most catalysts
has become constant.
Table 3.4: Catalyst Comparison to literature
Catalyst
Au/Norit ROX 4.7 PZC HNO3 oxi
Au/Norit ROX 5.7 PZC AR oxi
Au/Norit 7.7 PZC no oxi
Au/VXC Oxi 46
Au(CS(NH2)2)2 /Norit ROX 11
HAuCl4 + (NH4)2S2O3/Norit ROX 84
Au/Norit ROX – DMSO solvent
Au/Norit ROX – Acetone solvent

Au
wt %
1
1
0.8
1
0.1
1
1
1

gVCM/gAu hr
@24 hr
432
327
696
281
1590
128
612
962

gVCM/gCat hr
@24hr
4.3
3.3
3.9
2.8
1.59
1.3
6.1
9.6

Table 3.4 shows some of the most active catalysts for acetylene hydrochlorination
made by Graham Hutchings’ groups compared to those made in the Regalbuto Group. The
Au(CS(NH2)2)2 /Norit ROX catalyst is from a study of Hutchings’ where it was concluded
that ligands containing soft donor atoms like cyanides and thiosulfate display greater
stability in higher oxidation states over complexes that contain hard donor ligands.11 The
HAuCl4 + (NH4)2S2O3/Norit ROX catalyst is from a patent with the same line of thinking
in mind where they exchange the Cl ligands with thiosulfate ligands during synthesis.84
These are arguably some of the best catalysts in literature but our catalysts made using SEA
outperform them. The best overall catalysts are those made using an organic solvent rather
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than water with a production rate of 9.6 and 6.1 gVCM/gCat hr from some of the newest
work done by Hutchings. The catalysts made on oxidized Norit via SEA of Au(en)2Cl3
have comparable rates to the catalysts made using organic solvents with production rate of
4.3 and 3.9 gVCM/gCat hr.
3.6 Conclusion
In conclusion Norit ROX carbon as substrate for Au/C for the acetylene
hydrochlorination reaction results in greater activity and stability when compared to other
carbon support. The hydroxyl group content of the oxidized supports facilitates high uptake
of the Au(en)2Cl3 during SEA. Additionally, oxidized Norit ROX has 5 times more defect
sites when compared to oxidized Timrex. XPS studies revealed that Norit Rox has 5 times
the surface area of sp3 hybridized carbon, also known as defect sites in the predominant sp2
hybridized carbon substrate, when compared to Timrex. These defects sites are stable
binding sites for the active AuCl3 site. During HCl pretreatment gold nanoparticles on most
carbon supports sinter, but because Norit Rox has an abundance of stable binding sites for
the

active

AuCl3 species, the HCl

pretreatment

results

in

a redispersion

of

Au, including nanoparticles up to 4 nm in size, into atomically dispersed AuCl3. Norit Rox
also has the ability to adsorb up to 3 times more Cl onto its surface during pretreatment
permitting the addition of Cl to Au during the reaction process. There is a direct correlation
between the sp3 surface area and the acetylene conversion and Cl adsorption during
pretreatment and reaction. Catalysts made using SEA with a Au(en)2Cl3 precursor was able
to make atomically dispersed Au on Norit ROX that was superior to the traditional HAuCl4
and Aqua Regia method. These catalysts still deactivated slowly over time due to sintering.
When compared to the leading catalysts made with the traditional HAuCl4 and aqua regia
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method, catalysts synthesized by SEA using Au(en)2Cl3 precursor are more active and
stable.
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Chapter 4
Conclusion: Future Work
4.1 Norit surface study
The understanding that Norit ROX is the ideal carbon support compared to others
due to its abundance of hydroxyl groups, sp3 hybridized C-C bonds that are defects on the
carbon surface and its superior ability to adsorb Cl leads us to believe that further
modification can be done to the support to further optimize it. Additionally, during the
study the catalysts were exposed to acetone in the feed stream, which is known to inhibit
the reaction, from the acetylene source. If this acetone is removed from the stream with a
filter the catalyst should be even more active and stable.
There has been success in decreasing the gold loading on Norit ROX support and
making a stable catalyst down to 0.1 wt%.12 A lower amount of Au may reduce the ability
of the atomically dispersed gold from agglomerating before attaching to a Cl and being
anchored once again to the surface. Therefore, an investigation into decreasing or
increasing the gold loading on the oxidized Norit ROX support needs to be done. An excess
of HCl is known to be increase the conversion of the acetylene hydrochlorination reaction
over gold due to the rate limiting step being the adsorption of HCl onto the Au site but with
the evidence that HCl has the ability to redisperse small Au nanoparticles on oxidized Norit
ROX the exact ratio needs to be optimized for these catalysts. Increasing the ratio of HCl
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to acetylene to 1.5:1 or 2:1 in the reaction feed may result in higher activity and stability
due to excess Cl binding to the surface and being able to combine with the atomically
dispersed gold before agglomeration and pushing the equilibrium to the VCM product
increasing the conversion.
Catalyst regeneration should be possible for this Au on Norit catalyst due to the
evidence that nanoparticle sized Au can be dispersed under pretreatment conditions.
Regeneration of the catalysts by washing with water to remove NaCl buildup followed by
drying under a vacuum and finally being exposed to HCl at 180° C for an extended period
should be enough to disperse Au from large nanoparticles back to the AuCl3 species.
Nitrogen doped carbon has been used in several studies and has been shown to
increase the activity and stability in the acetylene hydrochlorination.85–88 However nitrogen
doped oxidized Norit ROX has never been used as a support for SEA of Au(en)2Cl3 for
acetylene hydrochlorination. Li et al showed in 2019 that gold on nitrogen doped Norit
ROX has been shown to be highly resistant to sintering compared to tradition DI made
catalysts and only deactivating due pore blockage and not sintering. Synthesizing a high
weight loading of atomically dispersed gold via SEA onto a support that can strongly
anchor the gold will have high conversion and stability.
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Appendix A
Additional Figures and Tables

Figure A.1: XRD of a) 0.38% Au on 2.7 PZC HNO3 oxidized Norit ROX b) 1.3% Au on
5.7 PZC HNO3 oxidized Norit ROX, c) 1.1% Au on 2.5 PZC AR, d) 1% Au on 6.2 PZC
AR oxidized Norit ROX
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Figure A.2: XRD of reduced 1% Au on oxidized Timrex Series a) initial, b) post

Figure A.3: XRD of 1% supported on a) HNO3 oxidized VXC initial, b) HNO3 oxidized
VXC post, c) AR oxidized VXC initial, d) AR oxidized VXC post
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Table A.1: Au particle sizes on various carbon supports before and after reaction
Support

Au
wt%

7.7 PZC Norit ROX
5.7 PZC Norit ROX HNO3 oxi
4.7 PZC Norit ROX HNO3 oxi
2.7 PZC Norit ROX HNO3 oxi
6.2 PZC Norit ROX AR oxi
5.7 PZC Norit ROX AR oxi
2.5 PZC Norit ROX AR oxi
4.4 PZC Timrex
3 PZC Timrex HNO3 oxi
2 PZC Timrex HNO3 oxi
3 PZC Timrex AR oxi
2 PZC Timrex AR oxi
8 PZC VXC-72
4.8 PZC VXC-72 HNO3 oxi
4.2 PZC VXC-72 HNO3 oxi
3 PZC VXC-72 HNO3 oxi
5.5 PZC VXC-72 AR oxi
3.9 PZC VXC-72 AR oxi
3 PZC VXC-72 AR oxi

1.3
1
0.38
1
1.1
1.1
1
1
1
1
1
1
1
1
1
1
1
1

Initial
particle
size (nm)
0
9.5
11.4
11.5
0
0
0
-

Reduced
particle size
(nm)
3.9
2.7
3.5
2.2
3.7
3.6
6.1
17.5
11.1
16.2
12.3
15.4
5.5
3.5
3.1
13.7
2.8
7.3
6.7

Post particle
size (nm)

24.70
25.4
18.3

27.1
21.9
20.3
22.3
23.8
16.1
6.7
10.7
12.1
10.4
10.8
12.8

Table A.2: Summary of peak rations from C 1s region of XPS of 1% Au on AR oxidized
Norit ROX
C 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduced pretreated

C=C
55.5
57.3
56.5
55.3

C-C
14.2
14.4
14.3
14.5

C-O
9.1
8.8
9.4
9.1

O-C=O
6.0
5.8
5.6
5.5

Carbonates
7.4
5.5
5.5
7.2

Table A.3:Summary of peak rations from O 1s
region of XPS of 1% Au on AR oxidized Norit
ROX
O 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated
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C-O
37.3
41.6
40.8
45.7

C=O, OH
62.7
58.4
59.2
54.3

π - π*
7.8
8.2
8.7
8.4

Table A.4: Summary of surface atomic concentrations on 1% Au on
AR oxidized Norit ROX
Atomic Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
0.1
0.1
0.1
0.1

Cl
0.2
0.9
0.3
0.8

C
91.5
91.8
92.7
92.5

N
2.3
1.3
1.5
1.7

O
5.2
5.2
4.9
4.4

Na
0.7
0.7
0.5
0.5

Table A.5: Summary of surface mass concentrations on 1% Au on AR
oxidized Norit ROX
Mass Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
1.5
1.2
2.2
0.9

Cl
0.6
2.5
0.7
2.2

C
87.3
87.1
88.2
88.5

N
2.6
1.4
1.7
1.9

O
6.7
6.5
6.3
5.6

Na
1.3
1.2
0.9
0.9

.

Table A.6: Summary of peak rations from C 1s region of XPS of 1% Au on HNO3
oxidized Norit ROX
C 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduced pretreated

C=C
55.9
56.8
55.4
55.5

C-C
14.2
14.3
14.8
15.7

C-O
9.8
9.4
9.6
8.9

O-C=O
6.2
5.8
6.6
6.4

Carbonates
5.2
5.3
5.2
5.3

Table A.7: Summary of peak rations from O 1s
region of XPS of 1% Au on HNO3 oxidized Norit
ROX
O 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated
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C-O
27.9
41.7
37.9
66.9

C=O, OH
72.1
58.3
62.1
33.1

π - π*
8.6
8.5
8.5
8.3

Table A.8: Summary of surface mass concentrations on 1% Au on
HNO3 oxidized Norit ROX
Atomic Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
0.3
0.1
0.2
0.1

Cl
0.3
0.8
0.2
1.0

C
90.6
92.0
90.2
90.6

N
2.0
1.5
1.5
2.0

O
6.4
5.3
7.4
5.8

Na
0.8
0.3
0.5
0.5

Table A.9: Summary of surface mass concentrations on 1% Au on AR
oxidized Norit ROX
Mass Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
3.8
1.3
2.6
0.9

Cl
0.7
2.2
0.7
2.7

C
84.6
87.6
84.9
85.9

N
2.2
1.6
1.7
2.2

O
7.9
6.7
9.3
7.3

Na
0.8
0.6
0.8
1.0

Table A.10: Summary of peak rations from C 1s region of XPS of 1.2% Au on AR
oxidized Timrex
C 1s
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

C=C
59.8
60.3
61.3
63.1

C-C
13.5
13.1
13.8
12.9

C-O
9.2
8.0
8.8
7.8

O-C=O
4.3
4.3
4.2
4.1

Carbonates
4.0
3.9
4.2
4.0

Table A.11: Summary of peak rations from O 1s
region of XPS of 1% Au on AR oxidized Timrex
O 1s
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated
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C-O
20.4
40.5
29.4
37.6

C=O, OH
79.6
59.5
70.6
62.4

π - π*
9.1
10.3
7.6
8.2

Table A.12: Summary of surface atomic concentrations on 1.2% Au on
AR oxidized Timrex
Atomic Conc. %
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

Au
0.1
0.1
0.2
0.1

Cl
0.1
1.4
0.5
0.2

C
94.0
92.4
95.3
95.4

N
1.5
1.2
1.1
1.3

O
3.9
4.7
3.1
2.7

Na
0.4
0.2
0.2
0.3

Table A.13: Summary of surface mass concentrations on 1.2% Au on
AR oxidized Timrex
Mass Conc. %
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

Au
1.6
0.7
0.7
1.4

Cl
0.3
3.9
0.2
0.7

C
90.7
87.7
93.2
92.4

N
1.7
1.3
1.2
1.5

O
5.0
6.0
4.0
3.5

Na
0.7
0.4
0.4
0.5

Table A.14: Summary of peak rations from C 1s region of XPS of 1.2% Au on HNO3
oxidized Timrex
C 1s
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

C=C
61.2
61.4
61.3
62.1

C-C
12.4
12.5
12.5
11.8

C-O
8.3
8.1
7.9
7.7

O-C=O
4.8
4.6
4.8
4.4

Carbonates
4.3
4.2
4.3
4.1

Table A.15: Summary of peak rations from O 1s
region of XPS of 1.2% Au on HNO3 oxidized Timrex
O 1s
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated
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C-O
36.8
39.9
40.7
57.6

C=O, OH
63.2
60.1
59.3
42.4

π - π*
9
9.2
9.2
9.9

Table A.16: Summary of surface atomic concentrations on 1.2% Au on
HNO3 oxidized Timrex
Atomic Conc. %
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

Au
0.1
0.1
0.1
0.1

Cl
0.4
0.3
0.5
0.4

C
93.4
93.7
94.1
94.1

N
1.2
1.2
0.7
1.3

O
4.2
3.2
3.9
3.4

Na
0.7
1.5
0.7
0.7

Table A.17: Summary of surface mass concentrations on 1.2% Au on HNO3
oxidized Timrex
Mass Conc. %
Timrex unreduced
Timrex unreduced pretreated
Timrex reduced
Timrex reduce pretreated

Au
1.3
1.1
1.2
1.0

Cl
1.1
0.7
1.3
1.1

C
89.5
90.1
90.3
90.8

N
1.4
1.3
0.8
1.5

O
5.3
4.1
5.0
4.3

Na
1.4
2.7
1.4
1.3

Table A.18: Summary of peak rations from C 1s region of XPS of 10.8 Au on 7.7 PZC
Norit ROX
C 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduced pretreated

C=C
57.2
49.8
54.9
53.8

C-C
14.1
15.4
13.9
14.1

C-O
9.4
10.9
9.4
10.4

O-C=O
5.1
5.6
6.7
5.9

Carbonates
5.2
9.0
6.3
6.4

Table A.19: Summary of peak rations from O 1s
region of XPS of 0.8% Au on 7.7 PZC Norit ROX
O 1s
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated
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C-O
49.4
52.7
63.0
55.1

C=O, OH
50.6
47.3
37.0
44.9

π - π*
8.9
9.2
8.8
9.5

Table A.20: Summary of surface atomic concentrations on 0.8% Au on 7.7 PZC Norit
ROX
Atomic Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
0.3
0.1
0.2
0.1

Cl
0.5
0.9
0.4
1.0

C
91.2
90.1
89.5
95.0

N
3.9
4.7
3.3
0

O
3.4
4.2
5.8
3.9

Na
0.7
0.1
0.8
0

Table A.21: Summary of surface mass concentrations on 0.8% Au on 7.7 PZC Norit
ROX
Mass Conc. %
Norit unreduced
Norit unreduced pretreated
Norit reduced
Norit reduce pretreated

Au
4.3
2.1
3.1
2.3

Cl
1.3
2.6
1.2
2.7

C
84.6
84.9
83.5
90.0

N
4.2
5.1
3.5
0

O
4.3
5.3
7.2
5.0

Na
1.3
2.1
1.5
0

Table A.22: Summary of surface atomic concentrations on Norit
ROX
Atomic Conc. %
Norit ROX
Norit ROX HNO3 oxidized
Norit ROX HNO3 oxidized Pretreated
Norit ROX AR oxidized
Norit ROX AR oxidized pretreated

C
94.8
94.2
93.5
93.1
92.4

O
5.2
5.8
5.2
6.9
6.6

Cl
0
0
1.3
0
1.0

Table A.23: Summary of surface mass concentrations on Norit ROX
Mass Conc. %
Norit ROX

C
93.2

O
6.8

Cl
0

Norit ROX HNO3 oxidized
Norit ROX HNO3 oxidized Pretreated
Norit ROX AR oxidized
Norit ROX AR oxidized pretreated

92.4
89.7
91.1
88.7

7.6
6.6
8.9
8.4

0
3.7
0
2.9
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Table A.24: Summary of surface atomic concentrations on
Timrex
Atomic Conc. %
Timrex
Timrex HNO3 oxidized
Timrex HNO3 oxidized Pretreated
Timrex AR oxidized
Timrex AR oxidized pretreated

C
96.5
95.5
95.8
95.2
95.6

O
3.5
4.5
3.8
4.8
3.9

Cl
0
0
0.4
0
0.5

Table A.25: Summary of surface mass concentrations on
Timrex
Mass Conc. %
Timrex
Timrex HNO3 oxidized
Timrex HNO3 oxidized Pretreated
Timrex AR oxidized
Timrex AR oxidized pretreated

C
95.4
94.2
93.8
93.7
93.5

O
4.6
5.8
5.0
6.3
5.1

Cl
0
0
1.2
0
1.4

Table A.26: Summary of peak rations from C 1s region of XPS of 1.15% Au on HNO3
oxidized VXC-72
C 1s
C=C
VXC support only
59.3
VXC HNO3 support only 58.0
VXC unreduced
58.9
VXC unreduced pretreated 60.3
VXC reduced
58.5
VXC reduce pretreated
56.8

C-C
13.0
12.4
11.0
12.9
11.1
11.0

C-O
6.8
7.7
8.1
8.0
7.3
8.1

O-C=O
4.8
4.7
5.0
4.6
7.2
6.8

Carbonates
6.0
6.5
7.6
4.9
6.8
6.5

Table A.27: Summary of peak rations from O 1s region
of XPS of 1.15% Au on HNO3 oxidized VXC-72
O 1s
VXC support only
VXC HNO3 support only
VXC unreduced
VXC unreduced pretreated
VXC reduced
VXC reduce pretreated
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C-O
55.3
38.1
40.7
29.9
47.9
46.5

C=O, OH
44.7
61.9
59.3
48.8
70.1
53.5

π - π*
10.1
10.6
9.4
9.4
9.1
10.7

Table A.28: Summary of surface atomic concentrations on 1.15% Au on HNO3
oxidized VXC-72
Atomic Conc. %
VXC support only
VXC HNO3 support only
VXC unreduced
VXC unreduced pretreated
VXC reduced
VXC reduce pretreated

Au
0
0
0.1
0.1
0.1
0.1

Cl
0
0
0.3
0.3
0
0.4

C
98.2
97.6
97.1
97.8
97.4
96.7

N
0
0
0
0.6
0
0

O
1.8
2.4
1.7
1.1
1.7
2.2

Na
0
0
0.8
0.1
0.8
0.6

Table A.29: Summary of surface mass concentrations on 1.15% Au on HNO3 oxidized
VXC-72
Mass Conc. %
VXC support only
VXC HNO3 support only
VXC unreduced
VXC unreduced pretreated
VXC reduced
VXC reduce pretreated

Au
0
0
2.0
1.3
2.1
1.8

Cl
0
0
0.8
0.9
0
1.1

C
98.2
96.8
93.5
95.5
94.1
93.0

N
0
0
0
0.7
0
0

O
2.4
3.2
2.2
1.4
2.2
2.9

Na
0
0
1.5
0.2
1.6
1.2

Table A.30: Summary of peak rations from C 1s region of XPS of 1% Au on 3 PZC
KBM
C 1s
KBM support only
KBM unreduced
KBM unreduced pretreated
KBM reduced
KBM reduce pretreated

C=C
55.6
62.0
63.0
63.5
61.7

C-C
15.4
12.0
10.7
11.4
10.1
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C-O
13.2
8.7
10.8
8.8
9.8

O-C=O
5.7
6.3
6.0
5.6
6.1

Carbonates
5
4.6
4.1
4.1
4.9

π - π*
5.2
6.3
5.5
6.6
7.4

Table A.31: Summary of peak rations from O 1s
region of XPS of 1% Au on 3 PZC KBM
O 1s
KBM support only
KBM unreduced
KBM unreduced pretreated
KBM reduced
KBM reduce pretreated

C-O
20.2
27.6
28.2
32.9
45.9

C=O, OH
79.8
72.4
71.8
67.1
54.1

Table A.32: Summary of surface atomic concentrations on 1% Au on 3 PZC KBM
Atomic Conc. %
KBM support only
KBM unreduced
KBM unreduced pretreated
KBM reduced
KBM reduce pretreated

Au
0
0.2
0.2
0.2
0.2

Cl
0
0.4
0.8
0.3
0.8

C
9.06
89.5
88.6
89.6
89.7

N
0
0.9
1.2
1.3
8.9

O
12.1
8.7
8.6
8.3
0.4

Na
0
0.3
0.6
0.3
0.2

Table A.33: Summary of surface mass concentrations on 1.15% Au on 1% Au on 3
PZC KBM
Mass Conc. %
KBM support only
KBM unreduced
KBM unreduced pretreated
KBM reduced
KBM reduce pretreated

Au
0
2.9
2.5
2.4
2.3

Cl
0
1.0
2.2
0.8
2.1

C
87.9
83.8
82.2
84.5
83.8
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N
0
1.0
1.3
1.4
11.0

O
12.1
10.8
10.7
10.4
0.8

Na
0
0.5
1.1
0.5
2.3

Figure A.4: Catalytic performance of unreduced Au supported
on oxidized Timrex catalysts
Table A.34: Compilation of catalyst production rates
Support
Norit 7.7 PZC no oxi
Norit 2.7 PZC HNO3 oxi
Norit 4.7 PZC HNO3 oxi
Norit 5.7 PZC HNO3 oxi
Norit 2.5 PZC AR oxi
Norit 4.7 PZC AR oxi
Norit 5.2 PZC AR oxi
VXC 8.4 PZC no oxi
VXC 3 PZC HNO3 oxi
VXC 4.2 PZC HNO3 oxi
VXC 4.8 PZC HNO3 oxi
VXC 3 PZC AR oxi
VXC 3.9 PZC AR oxi
VXC 5.5 PZC AR oxi
Timrex 4.4 PZC no oxi
Timrex 2 PZC HNO3 oxi
Timrex 3 PZC HNO3 oxi
Timrex 2 PZC AR oxi
Timrex 3 PZC AR oxi
Precursor complex11

Au
wt %
0.8
0.38
1
1.3
1
1
1
1
1
1
1
1
1
1
1
1
1.2
1
1.1

gVCM/gAu hr
@24 hr
696
440
432
204
118
327
318
89
113
135
135
126
152
135
56
28
85
70
76

gVCM/gCat hr
@24 hr
5.6
1.7
4.3
2.7
1.2
3.3
3.2
1.1
1.1
1.4
1.4
1.3
1.5
1.4
0.56
0.28
0.98
0.7
0.84

Au
wt %

gVCM/gAu hr
@24 hr

gVCM/gCat hr
@24hr
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Au(CS(NH2)2)2
Na3(Au(S2O3)2
KAu(CN)2
(NH4)3Au(S2O3)2
KAu(SCN)4
Ca3[Au(S2O3)2]2
Au(NCNH2)2
HAuCl4 + Aqua regia
HAu(C3Cl3N3O3)3Cl
[Au(P(NCH2CH2OCH2CH2)3)2]NO3
[(AuCl)2dppe]
[Au(en)2]Cl3
HauCl4 + H2O
Hutchings patent 84
HAuCl4 + (NH4)2S2O3
HAuCl4 +AR
HAuCl4
HAuCl4 + (Na)2S2O3
HAuCl4 + trichloroisocyanuric acid in
methonal
New Hutchings paper (unpublished)
Au/C - DMSO
Au/C - DMF
Au/C - cyclohexanone
Au/C - Acetone
O’Connell’s Catalysts46
Au/VXC
Au/VXC Oxi
Au/CA 1
Au/KBM
Au/KBB

0.1
0.1
0.1
0.1
0.1
0.1
0.1
1
1
1
1
1
1

1590
1440
1423
1256
1239
1239
921
87
87
55
23
23
18

1.59
1.44
1.42
1.26
1.24
1.24
0.92
0.87
0.87
0.55
0.23
0.23
0.18

Au
wt %
1
1
1
1
1

gVCM/gAu hr
@24 hr
128
123
28
151
123

gVCM/gCat hr
@24hr
1.3
1.2
0.3
1.5
1.2

Au
wt %
1
1
1
1

gVCM/gAu hr
@24 hr
612
350
131
962

gVCM/gCat hr
@24hr
6.1
3.5
1.3
9.6

Au
wt %
1
1
1
1
1

gVCM/gAu hr
@24 hr
150
281
160
281
251

gVCM/gCat hr
@24 hr
1.5
2.8
1.6
2.8
2.5
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